Three-body effects, which are effects of three-body force and three-hotly correlation, are introduced into the two-body nuclear force in a semi-phenomenological way to reproduce the nuclear saturation over all nuclei by the lowest order Brueckner theory. On the hasis of the reaction matrix calculation of nuclear matter with this two-body force including the three· body effects, a new effective potential is proposed which includes two independent parameters, namely, nuclear density and starting-energy. Because of the effect of three-body force, this effective potential is more attractive in the 'E state, compared with the usual one, and assures overall saturation without any artificial modification. The starting-energy dependence of the effective potential is also strengthened by the three-body force. The starting-energy dependence is found to work well for nuclear saturation together with the density dependence. Present density dependence is weaker than that of the usual clensity dependent effective potentials. The effective potential is decomposed into central, spin-orbit and tensor components. § I. Introduction On the basis of the realistic nuclear force, properties of nuclear matter and finite nuclei have been investigated and fruitful successes are accumulated. 1 l In particular, the Density-Dependent Hartree-Fock method (DDHF) has yielded remarkably good results for binding energies, density distributions, single particle energies and compressibilities of some finite nuclei.'J However, it should be noted that effective potentials used in DDHF are artificially adjusted by arbitrary factors to reproduce the nuclear saturation. This would be a weak point of DDHF to be investigated.
On the basis of the realistic nuclear force, properties of nuclear matter and finite nuclei have been investigated and fruitful successes are accumulated. 1 l In particular, the Density-Dependent Hartree-Fock method (DDHF) has yielded remarkably good results for binding energies, density distributions, single particle energies and compressibilities of some finite nuclei.'J However, it should be noted that effective potentials used in DDHF are artificially adjusted by arbitrary factors to reproduce the nuclear saturation. This would be a weak point of DDHF to be investigated.
In the reaction matrix theory, 3 l realistic two-body forces ensure about 10"'" ' 12 MeV I A for the binding energy of nuclear matter, while the empirical value is 16 MeV I A. It is also known from many calculations that with only the two-body force we could not reproduce the empirical binding energy and saturation density simultaneously.") Tamagaki 5 l pointed out this fact and Coester et al. 6 l showed that sufficient binding energy would be obtained only at too high equilibrium density as far as we use two-body forces. Thus it is necessary to seek for some origins which give an additional binding and shift the equilibrium density to the empirical one.
Two of the present authors (T.K. and Y.A.) and co-vvorkersn.sJ have pointed out that the three-body force (TBF) which carnes a strong tensor component brings favorable effects on the nuclear saturation in nuclear matter and light nuclei, that is, a fairly large amount of additional binding energy without increasing the equilibrium density. Besides this, two of the authors (Y.A. and S.N.) 9 J investigated the three-body correlation (TBC) effect through the multiple scattering process in nuclear matter and showed that its effect becomes rapidly more repulsive as the density becomes higher. Recently, Day 10 J has shown that not only threebody but also four-body correlations bring about a large amount of binding energy near the normal density. These facts suggest that three-body effects (effects of TBF and TBC) are the most probable candidates for filling the discrepancies between the experimental and theoretical binding energies which appear over all nuclei.
In this paper, we reproduce the nuclear overall saturation using a two-body force which ineludes the three-body effects m a semi-phenomenological way and propose a new effective potential evaluated from the reaction matrix calculation of nuclear matter with this two-body force.
We present an effective potential vvith two independent parameters, density and starting-energy. The effective interaction is constructed from the reaction matrix G calculated in nuclear matter,
where w is the starting-energy and Q (kF) is the Pauli operator which eliminates momenta lower than the Fermi momentum !?F. It should be noted that Eq. (1) includes !?F and w "independently". In the usual binding energy calculation of nuclear matter, {)) is determined self-consistently for a given kF through single partiele energies, and so the w-dependence of the G-matrix is absorbed by its kF-dependence. In finite nuclei the starting-energy {)) is determined by the global structure of nucleus, while kF is of a local property. Furthermore the present G-matrix has a stronger O)-dependence caused by the tensor component of TBF, compared with the usual one. Therefore, it would be more desirable to treat two dependences separately. For example, this treatment makes it feasible to estimate {))-rearrangement effects in some model calculations.
In § 2, characteristics of TBF and TBC are remarked and energies of nuclear matter, 16 0 and 4 He are reproduced by the lowest order G-matrix calculation with our two-body force including the three-body effects. In § 3 some properties of the obtained G-matrix represented in the coordinate space are discussed and its parametrization as an effective potential for model calculations is clone. Applications of this parametrized effective potential to finite nuclei are shown in § 4. Concluding remarks are given in § 5. § 2. Three-body effects and overall saturation
In this section, we reproduce the empirical binding energies and r.m.s. radii (or saturation density) of 4 He, 16 0 and nuclear matter by semi-phenomenol ogically introducing reasonable three-body effects.
The three-body force considered here is the one arising from the two-pion-exchang e through the nucleon isobar L1 (1232 MeV), as shown in Fig. 1 81 showed that the three-body force without pionic form factor has just the property which is required to reproduce both the ground-state and excited-state energies of alpha particle. From these considerations, we adopt here the "two-body" force* 1 UTBF which was derived by averaging the TBF without pionic form factor in Ref. 7) . This "two-body" force UTBF consists of central and tensor components with the same kinematics as OPEP, where p is the nuclear density and S 12 is the tensor operator. For higher densities the three-body effect has not been made clear and we treat the density dependence phenomenologica lly. The last factor on the right-hand side of Eq. (2) is a damping factor which plays a role to maintain the density dependence to be constant near kF = (1.4rvl.7)fm-1 • This factor has no effects at densities lower than the normal density. The central component of UTBF is mostly repulsive in the 1 E and 3 E states as is seen in Fig. 2 , while the tensor component is attractive in the 3 E state and gives an appreciable energy gain through coupling with the strong tensor component of the original two-body force. As the result, the effect of TBF almost concentrates in the 3 E state and, furthermore, the energy gain is obtained without so much increase of the equilibrium density. These are the remarkable properties of TBF. The three-body correlation (TBC) effect arising from the multiple scattering *> In this paper, the expression "two-body" force is used for a two-body force which is introduced to correspond to the three-body effects. 
We take the functional form of Fs by considering the "three-body" correlation function given by Eq. (3 · 8) in Ref. 9 ) and v~ff is the original two-body force in the 1 E state, which is used instead of average force in the 1 E and sE states. Nuclear matter density p is related to the mean distance between nucleons 2r0 and Fermi momentum kF as follows:
We eter ,'! 1s taken to be density dependent.
(5)
This might be thought too generous. But it 1s not so, because Eq. (5) is cleriyecl by simulating some features of TBC gtven m Ref. 9 ). \Ve can reproduce the saturaticm density of nuclear matter \vith a reasonable compressibility by the use of t l1 is /! and the clamping factor in Eq. (2) . \V L' construct our total hvo-body force Z' with the three-body effects as follows:
The last factor is introduced to take account of a surface effect of finite nuclei. Table I . Parameters of UTBF and UTac and calculated properties of nuclear matter.
nuclear matter to be recalled that the simultaneous adjustment of energy and density over nuclei is a rather difficult problem. The present success is not a result of trivial adjustment but originates from characteristic properties of TBF and TBC.
In order to see the effects of TBF and TBC, we decompose the potential energy of nuclear matter into each partial wave contribution in Fig. 4 . The effect of TBC is seen at higher density side. The most remarkable feature is the concentration of the energy gain to the triplet-even S state. The tensor nature of TBF is responsible for this feature and plays an important role in obtaining the present success. This point will be discussed in § 3 in detail.
We can conclude that the overall saturation is successfully accomplished by taking account of the effects of TBF and TBC. It is useful to derive an effective interaction from the G-matrix obtained in the present nuclear matter calculation because our two-body force guarantees the saturation property. It is also interesting to compare thus derived effective interaction with other density-dependent effective interactions proposed so far. In this section, i) we define the r-represented G-matrix with density and starting-energy dependences, ii) investigate its properties, and iii) present a new effective potential by parametrizing it with suitable functional forms. Such a parametrization is desirable for the practical use.
The simplest way to construct an effective interaction which gives the same diagonal matrix elements as the reaction matrix (kiGik) is to use the following equation for each momentum: entrance channel LSJ. This errv (r) depends not only on kF and (1) =Em+ En where En, and En are the initial single-particle energies of the two scattering particles but also on the total momentum P and the relative momentum k. In our G-matrix calculation, the angle averaged approximation is adopted and an averaged P is used for a given relative momentum. The momentum dependence is known to be rather weak within the occupied states and we average Eq. (8) (9) This definition has merits that the denominator IS positive definite for l = l' and the lowest order contribution to the binding energy of nuclear matter is exactly reproduced.
In the spin triplet cases, Eq. (9) is to consist of three components as:
(10) (11) , we obtain cffv(r; lcF, w) with two independent parameters (kF and iJJ) for each S, T state. The calculation is performed by taking several values for each of kF and rJJ which cover the ranges of density and starting-energy appropriate for normal finite nuclei. In normal finite nuclei, the density is less than that corresponding to kF"" 1.6 fm -J and oJ ranges from about -10 MeV to about -150 MeV.
The above calculations are made for two employed forces, cases (A) and (B) presented in § 2. For comparison the case of only OPEG is also calculated (case (C)). By comparing (A) with (C), we can clarify the three-body effects on the effective interaction. Comparison of the cases (A) and (B) is used to see how the effective interaction is affected by the difference of the original two-body forces.
We first show the obtained results of Eq. (11) for the case (A) in Fig. 5 . Comparison of the cases (A) and (C) is shown in Fig. 6 for the 3 E state. From these figures, we can find some characteristic features of the three-body effects. We clearly distinguish the large attraction of the central part in the 3 E state from that of the usual two-body force. It is seen that the S-D tensor componet is also augmented. These come from the inclusion of the tensor component of TBF in the case (A). It is noted that the effective interaction thus obtained has a rather large !-dependence in the 1 E state reflecting the property of the original two-body force.
In order to see kF-and w-dependence, we plot the ratio effv (r; kF, w) ;effv (r; kFo 111 Fig. 7 . From the curve for r= 1.2 fm shown in Fig. 7 (b) , we find that, in this region, the (I)-dependence is very strong and the ratio varies about 50% even for the case (C) between {)) = 0 MeV and {)) = -300 MeV. In addition to this large ())-dependence in the case of the two-body force only, three-body effect's furthermore augment this rv-dependence as is shown. In the core region, shown in Fig. 7 (a) , the /:zF-dependence becomes dominant. In the long range part shown in Fig. 7 (c) both the llv and (!)-dependence are important. This is due to the proximity to the deuteron formation. As mentioned above, the l:zF-and {))-dependence show different tendencies in different regions. And so, we have another look at these dependences in the matrix elements. We plot <kiG(kF, u); 3 S 1) jk) versus !?F for some 1/s in The clotted lines show the cases in which O) is treated self-consistently as is clone in deriving the usual clensity-clepenclent effective interaction. It is seen from thi' figure that the /:zF-clependence of the dotted line is stronger than that of the solid line. The difference between these kF-dependences comes from the /:zF-dependence implicitly carried by the self-consistently determined U) in the former case. It is noticed that the solid lines show the "pure" hp-dependence caused only by the Pauli exclusion operator and this "pure" /{p-dependence is comparable in strength with that arising through U). Thus the explicit treatment of the co-dependence evidently makes sense.
As the next step, we try to make an effective potential simulating the above r-represented G-matrix. Generally speaking, each component of Eq. (11) has an l-dependence and we should construct an l-dependent effective potential. Contributions from higher partial waves are, however, small in usual nuclei and so we make an approximation of using the potential for the lowest l-component for higher 
Although it is more suitable to take different ranges },i for different S, T state, we select common ranges for simplicity as follows: lc1 = 2.500, l 2 = 0.890 and ls = 0.500 fm. We take the same lc1 which bears the tail part as that of Gaussian potentiaP 7 J determined so as to fit the scattering phase shifts, while lc2 and lc3 are somewhat arbitrary. We put our criteria for determining the parameters as follows: a) to follow the radial form of the r-represented G-matrix as closely as possible and b) to reproduce the diagonal matrix elements of G in nuclear matter well.
and
As for the non-central components, we assume the following form: 0.5774 -1519.
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--1 . important. Obtained parameters entering into Eqs. (12) and (13) are listed m Table II for the cases (A) and (B). Hereafter we call them W1 and W2 respectively. We use the same non-central components for W1 and W2.
To examine how our potentials constructed by the above procedure follow the G-matrix of Eq. (11), we compare the radial form and diagonal matrix elements in nuclear matter. As an example Fig. 9 shows the case of the 3 E state potential of Wl. Similar results are also obtained for W2. It can be seen from these results that our W1 and W2 are satisfactory in reproducing the G-matrix results. We also re-calculate the binding energy of nuclear matter with WI and W2. The Finally we mention the difference between WI and W2. Although their saturation curves in nuclear matter are similar to each other, the partial wave and (l1l2LSJ le£tvsrl U3LSJ)},
where -v" is the /c-th multipole of the effective interaction and the local density p (r) is defined by (17) And the local Fermi momentLlm l:F 1s given as /.cF = [3;;:'/4 (p (r 1) -j i! (r,))] u 3 . Ob- LDA. We notice that the non-central components are working well for reproducing each matrix element. Our saturation curve shown in Fig. 3 also follows that by the G-matrix calculation. As a conclusion, we can say that both W1 and W2 can reproduce each matrix element and the binding energies obtained directly by the G-matrix calculation m finite nuclei. § 5. Summary 1) We introduce the three-body effects as the most probable candidates to fill the discrepancies between the experimental saturation mmima and the theoretical ones given by the lowest order Brueckner theory. They are effects of the three-body force and the three-body correlation, which we treat semi-phenomenologically at this stage of the theory. We present them in a form of the "two-body" force with a density dependence, which are to be added to the usual two-body force. The three-body force which is incorporated here is essentially the two-pion-exchange three-body force through the nucleon isobar L1 (1232 MeV).
We consider the present three-body correlation as what includes higher correlations in the linked cluster expansion. We take the functional form for TBC on a basis of our previous investigations but the parameters are adjusted phenomenologically.
2) The most remarkable role of TBF comes from its OPEP type character. The tensor component brings about an energy gain without increasing the equilibrium density by virtue of the coupling with the strong tensor component of the original two-body force.
The TBC effect plays a role mainly to maintain the saturation density so as not to collapse towards higher densities. By taking account of both effects of TBF and TBC, we can successfully realize the saturation energies and densities of nuclear matter, 16 0 and 4 He; that is, the over all saturation is fulfilled.
3) We present new effective potentials constructed from the G-matrix calculations in nuclear matter with the above two-body nuclear forces including the three-body effects. In these effective potentials, the starting-energy dependence is treated independently of the density dependence. The former dependence is rather strong in the G-matrix and enhanced by including TBF. It is reasonable to treat it separately, because the starting-energy (single-particle energies) depends on the global structure of the nucleus and its dependence is not fit by the local density approximation. These potentials are decomposed into the central, tensor and spinorbit components. 4) They follow the results for each matrix element and the binding energies given by the G-matrix calculations very well. Especially non-central components play important roles to reproduce each matrix element.
